The "methionine cycle" plays a critical role in the regulation of concentrations of (S)-adenosylmethionine (AdoMet), the major biological methyl donor. We set out to study sequence variation in genes encoding the enzyme that synthesizes AdoMet in liver, methionine adenosyltransferase 1A (MAT1A) and the major hepatic AdoMet using enzyme, glycine N-methyltransferase (GNMT), as well as functional implications of that variation. We resequenced MAT1A and GNMT using DNA from 288 subjects of three ethnicities, followed by functional genomic and genotype-phenotype correlation studies performed with 268 hepatic biopsy samples. We identified 44 and 42 polymorphisms in MAT1A and GNMT, respectively. Quantitative Western blot analyses for the human liver samples showed large individual variation in MAT1A and GNMT protein expression. Genotype-phenotype correlation identified two genotyped single-nucleotide polymorphisms (SNPs), reference SNP (rs) 9471976 (corrected p ‫؍‬ 3.9 ؋ 10 ؊10 ) and rs11752813 (corrected p ‫؍‬ 1.8 ؋ 10 ؊5 ), and 42 imputed SNPs surrounding GNMT that were significantly associated with hepatic GNMT protein levels (corrected p values < 0.01). Reporter gene studies showed that variant alleles for both genotyped SNPs resulted in decreased transcriptional activity. Correlation analyses among hepatic protein levels for methionine cycle enzymes showed significant correlations between GNMT and MAT1A (p ‫؍‬ 1.5 ؋ 10
Introduction
(S)-Adenosylmethionine (AdoMet), the methyl donor for most biological methylation reactions (Cantoni, 1951a,b) , is synthesized from methionine and ATP by methionine adenosyltransferase (MAT) (Fontecave et al., 2004) . It is then used as a methyl donor for reactions catalyzed by methyltransferase enzymes to produce methylated compounds and (S)-adenosylhomocysteine (AdoHcy) (Clarke et al., 2003) . AdoHcy is subsequently converted to homocysteine, which can be either remethylated to form methionine, completing the "methionine cycle," or converted to cysteine and GSH by the transsulfuration pathway (Fig. 1) . The methionine cycle and "folate cycle" shown in Fig. 1 have been implicated in the pathophysiology of diseases as diverse as cancer (Weinstein et al., 2006; Kasperzyk et al., 2009; Maruti et al., 2009; Stevens et al., 2010) , cardiovascular disease (Arnesen et al., 1995; Frosst et al., 1995; Nygard et al., 1995; Clarke et al., 2003) , and psychiatric illness (Smythies et al., 1997; Main et al., 2010) .
The human liver expresses several unique methionine cycle enzymes ( Fig. 1 ). In particular, MAT2A encodes the enzyme that catalyzes AdoMet biosynthesis in nonhepatic tissues and in fetal liver, but MAT1A is expressed only in adult liver and encodes the enzyme that catalyzes AdoMet synthesis in the liver (Gil et al., 1996; Mato et al., 1997) . Once formed, AdoMet is used by methyltransferase enzymes to generate methylated compounds, with AdoHcy as a reaction product. The tetrameric enzyme glycine N-methyltransferase (GNMT; E.C. 2.1.1.20) is highly expressed in liver (1-3% of total soluble protein) and poorly expressed in other tissues except the prostate and pancreas (Kerr, 1972; Heady and Kerr, 1973) . GNMT catalyzes the methylation of glycine to form sarcosine and AdoHcy (Blumenstein and Williams, 1960) . The biological role of sarcosine is not well understood, but a metabolomic study identified sarcosine as a metabolic biomarker for the progression of prostate cancer (Sreekumar et al., 2009) . There is also evidence that the reaction catalyzed by GNMT is a major factor regulating hepatic AdoMet concentrations (Mudd and Poole, 1975; Mudd et al., 1980; Balaghi et al., 1993) . In addition to MAT1A and GNMT, betaine homocysteine methyltransferase (BHMT) is another methionine cycle enzyme that is expressed primarily in the liver (Li et al., 2008) . BHMT catalyzes the hepatic remethylation of homocysteine to form methionine by transferring a methyl group from betaine to homocysteine (Skiba et al., 1982) (Fig. 1) .
Rare mutations in MAT1A have been associated with persistent hypermethioninemia without elevation in either circulating homocysteine or tyrosine concentrations (Chamberlin et al., 2000) . GNMT mutations have also been linked to hypermethioninemia (Mudd et al., 2001; Luka et al., 2002; Augoustides-Savvopoulou et al., 2003) . These reports raise the possibility that common DNA sequence variation in the MAT1A and GNMT genes might modulate hepatic AdoMet concentrations and, as a result, hepatic methylation (Fig. 1) . In the present study, we set out to systematically resequence both genes, followed by functional genomic studies and hepatic genotypephenotype correlation analyses in an attempt to identify functional variants in MAT1A and GNMT that might contribute to variation in the regulation of AdoMet metabolism as well as methionine and folate cycle function.
Materials and Methods

DNA Samples and Gene
Resequencing. DNA samples for gene resequencing were obtained from the Coriell Cell Repository (Camden, NJ). In particular, Human Variation Panel samples from 96 European American (EA), 96 African American (AA), and 96 Han Chinese American (HCA) subjects (sample sets HD100CAU, HD100AA, and HD100CHI, respectively) were used in the resequencing studies. These samples had been collected, anonymized, and deposited by the National Institute of General Medical Sciences. All subjects had provided written informed consent for the use of their DNA for research purposes. Our studies were reviewed and approved by the Mayo Clinic Institutional Review Board. Details of the DNA sequencing methods have been described previously (Ji et al., 2007) . All MAT1A exons, intron-exon splice junctions, and ϳ1 kilobase (kb) of both 5Ј and 3Ј flanking regions (FRs) were amplified using the polymerase chain reaction (PCR), and the amplicons were sequenced on both strands in the Mayo Clinic Molecular Biology Core Facility using dye terminator sequencing chemistry. Because GNMT is much smaller than MAT1A, the entire GNMT gene as well as approximately 1 kb of its 5Ј and 3Ј FRs were sequenced. Accession numbers for the reference sequences used were NM_000429.2. for MAT1A and NM_018960.4 for GNMT. Sequence chromatograms were analyzed using Mutation Surveyor (SoftGenetics, LLC, State College, PA). Sequences of primers used to perform the PCR amplifications and gene resequencing studies are listed in Supplemental Table 1 .
Functional Characterization of MAT1A Nonsynonymous Single-Nucleotide Polymorphisms. Mammalian expression constructs were created for wild-type (WT) MAT1A by subcloning the open reading frame of MAT1A from the Origene clone SC119881 (Origene, Rockville, MD) into pcDNA3.1D/V5-His-TOPO (Invitrogen, Carlsbad, CA) in frame with the V5-His tag, and site-directed mutagenesis was used to create variant allozyme expression constructs. These expression constructs were used to transfect COS-1 cells to obtain recombinant MAT1A allozymes for use in quantitative Western blot analyses and for the assay of allozyme enzyme activity. Bacterial expression constructs were also created for MAT1A WT and variant allozymes and were expressed in BL21 Escherichia coli. This bacterially expressed MAT1A was used to perform substrate kinetic experiments, as described previously (Wang et al., 2003) .
Structural analysis of MAT1A allozymes was performed by using the 2.1-Å resolution crystal structure of human MAT1A bound to AdoMet (Protein Data Bank accession code 2OBV). Visualization and analysis of the MAT1A structures and the computational "mutation" of E238K was performed using the graphics program Crystallographic Object-Oriented Toolkit (Coot) (Purcell et al., 2007) . Additional details regarding the MAT1A structural analysis are described in the supplemental data.
MAT1A and GNMT Western Blot Analyses of Human Hepatic Biopsy Samples. Two hundred sixty-eight human adult liver surgical biopsy samples were obtained from the Mayo Clinic (Rochester, MN). These samples were from EA women undergoing medically indicated surgery. Tissue samples from only one sex were used to eliminate the possibility of confusion as a result of sex-dependent differences in enzyme protein expression. Characteristics of the patients from whom the biopsies were obtained have been described previously (Feng et al., 2009; Zhang et al., 2009; Nordgren et al., 2011) . Use of these anonymized surgical biopsy samples was reviewed and approved by the Mayo Clinic Institutional Review Board. Cytosol extracted from the hepatic tissue was stored at Ϫ80°C before use.
Quantitative Western blot analyses were performed for both MAT1A and GNMT using the 268 liver cytosol preparations. A rabbit polyclonal antibody generated by Cocalico Biologicals, Inc. (Reamstown, PA), against MAT1A amino acids 208 to 228 and a commercial mouse GNMT polyclonal antibody (Sigma-Aldrich, St. Louis, MO) were used to perform these studies. Purified His-tagged protein standards for MAT1A (50 ng) as well as a pooled sample of hepatic high-speed supernatant as a standard for GNMT were loaded on each gel and were stained for either MAT1A or GNMT protein. Levels of endogenous ␤-actin were also assayed for each gel and were used as a loading control. Specifically, each of the 268 liver cytosol samples was loaded in triplicate, and values for MAT1A and GNMT immunoreactive protein for the triplicate samples were calculated on the basis of the relative intensity of protein bands on the gel compared with an appropriate protein standard assayed on the same gel.
Tag Single-Nucleotide Polymorphism Selection and Genotyping of Hepatic Biopsy DNA. Genotype data from a variety of sources were used to select tag single-nucleotide polymorphisms (SNPs) for genes encoding proteins in the methionine and folate cycles (see Fig. 1 ), including MAT1A and GNMT, for use in genotyping DNA samples from the same 268 human liver biopsy samples that we had phenotyped for level of hepatic MAT1A and GNMT protein. Specifically, a total of 768 tag SNPs for methionine and folate cycle genes, including 42 for MAT1A and 5 for GNMT, were selected using SNP genotype data from 168 unrelated HapMap white subjects (http://www.hapmap.org, data release 27/phase II ϩ III) as well as data from our resequencing studies for these genes (Shield et al., 2004; Martin et al., 2006; Feng et al., 2009; Nordgren et al., 2011) and SNP data obtained by using Illumina 550K and 510S genome-wide BeadChips (Illumina, Inc., San Diego, CA) and Coriell Institute-generated Affymetrix 6.0 genome-wide SNP genotypes for DNA from the 96 EA subjects included in the Coriell Institute Human Variation Panel (Camden, NJ), the same cell lines from which we obtained the DNA for our gene resequencing experiments. The SNPs were selected to tag across the genes and to include approximately 20 kb of flanking sequence, with r 2 Ն 0.8 and a minor allele frequency of Ն0.025. LDselect (Carlson et al., 2004 ) was used to perform tagging, and genotyping of DNA from the 268 hepatic biopsy samples was performed in the Mayo Genotyping Shared Resource using Illumina GoldenGate technology (Illumina, Inc.). Of the 42 MAT1A tag SNPs, 4 were excluded because of call rates of Ͻ94%, leaving 38 MAT1A SNPs and 5 GNMT SNPs for use in the genotype-phenotype correlation analysis.
Genotype-Phenotype Correlation Analysis and 1000 Genomes Project Imputation. In addition to SNPs genotyped using the DNA samples, genotypes of untyped SNPs across both MAT1A and GNMT were imputed using 1000 Genomes Project and HapMap (phase II, release 22) data as reference sets. Tag SNP genotypes in the 268 hepatic DNA samples were the genetic background upon which imputation was performed. The software package MaCH 1.0 (Li et al., 2006 ) was used to perform imputation. To increase the likelihood of detecting functionally important variants at a distance from the genes, variants within 200 kb on either side of the two genes were included in the imputation. Imputation quality estimates were determined by masking 10% of the genotypes at random and imputing the masked genotypes to compare actual and imputed masked genotypes. Estimated allelic dosage values for the imputed genotypes were then used, in addition to the genotyped SNPs, to perform the association analyses. Associations between MAT1A or GNMT protein levels and MAT1A or GNMT genotypes for both imputed and typed SNPs were performed by using Spearman's rank correlations and were tested versus zero using a Wald test. Genotype-phenotype correlations for MAT1A SNPs or GNMT SNPs with log 2 -transformed protein levels for the two genes were calculated using PLINK (Purcell et al., 2007) . Pairwise linkage disequilibrium (LD) was determined by using SNAP (Johnson et al., 2008) . Mapping of transcription factors for SNPs with low p values for the association analysis was performed by using the Encyclopedia of DNA Elements (ENCODE) data on the University of California Santa Cruz genome browser website (http:// genome.ucsc.edu/) (Boyle et al., 2011) .
GNMT Reporter Gene and Quantitative Reverse Transcriptase-PCR Assays. Reporter gene assays were used to functionally characterize SNPs with low p values for the genotype-phenotype correlation analyses. Specifically, DNA sequences [200 to 300 base pairs (bp)] harboring the SNP loci selected for study were cloned into a pGL3-promoter luciferase reporter vector that contained an SV40 promoter upstream of the luciferase gene (Promega, Madison, WI). One microgram of each reporter gene construct was then cotransfected into the human hepatocellular carcinoma HepG2 cell and LNCaP human prostate cancer cell lines (American Type Culture Collection, Manassas, VA), with 20 ng of the pRL-TK Renilla luciferase vector as a control for transfection efficiency, followed by dual-luciferase assay performed 24 h after transfection (Promega). Two independent transfection studies were performed for each reporter gene construct, with triplicate independent transfections for each construct in each experiment. Values for relative activity were expressed as a percentage of the pGL3-promoter activity for vectors without an insert. Comparisons were made between pGL3 reporter gene constructs containing WT and variant nucleotides at the SNP loci. DNA samples used to amplify SNP regions were selected from the Coriell Institute Human Variation Panel DNA samples because the genotypes of these samples were known on the basis of both our gene resequencing studies and the genome-wide association studies genotyping data available for these samples. Sequences of primers that were used to amplify genomic regions containing the SNP selected for study during the reporter gene assay are listed in Supplemental Table 2 .
Finally, quantitative reverse transcriptase-PCR (qRT-PCR) was used to determine the level of GNMT expression in a series of cell lines. Specifically, total RNA was isolated from LNCaP, HEK293T, PC-3, DU145, and HepG2 cells as well as frozen liver tissues by using Quick-RNA Mini Prep kit (Zymo Research, Irvine, CA). Real-time PCR was performed with the power SYBR Green RNA-to-C T 1-step Kit (Applied Biosystems, Carlsbad, CA) using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a control gene. The PCR conditions were 1 cycle of 30 min at 48°C, 10 min at 95°C, 40 cycles of 15 s at 95°C, 1 min at 60°C, followed by 1 cycle of 15 s at 95°C, 1 min at 60°C, and 15 s at 95°C. Primers for performing qRT-PCR for GNMT and GAPDH were purchased from QIAGEN (Valencia, CA; QT00026285 for GNMT and QT01192646 for GAPDH).
Results
MAT1A and GNMT Resequencing. Sanger sequencing was used to resequence the exons, splice junctions, and ϳ1000 bp of both the 5Ј and the 3Ј FRs of MAT1A as well as the entire GNMT gene, including ϳ1000 bp of 5Ј and 3Ј FR, using 288 DNA samples, 96 each from AA, EA, and HCA subjects (Tables 1 and 2 ; Fig. 2 ). MAT1A resequencing identified 44 polymorphisms, 27 in EA, 36 in AA, and 20 in HCA, including one nonsynonymous (ns) SNP (G712ϾA, E238K). This SNP was present, heterozygous, in DNA from three HCA subjects. Eleven of these 44 polymorphisms were novel, i.e., they had not been deposited in dbSNP or assigned a reference SNP (rs) identifier number. GNMT resequencing identified 42 polymorphisms, 22 in EA, 32 in AA, and 19 in HCA samples. Unlike the situation with MAT1A, we did not identify any nsSNPs during GNMT resequencing. Twenty seven of the 42 GNMT polymorphisms were novel. All polymorphisms observed during our MAT1A and GNMT resequencing were in Hardy-Weinberg equilibrium ( p Ͼ 0.05).
MAT1A Allozyme Functional Characterization. Our gene resequencing effort identified one MAT1A nsSNP (G712ϾA, E238K) with a minor allele frequency of 0.016 in DNA from HCA subjects. Mammalian and bacterial expression constructs were created for both WT and the Lys238 variant to generate recombinant MAT1A allozymes as well as bacterially purified protein that could both be assayed for MAT1A allozyme activity and used to perform substrate kinetic experiments. Alterations in amino acid sequence as a result of genetic polymorphisms can have functional consequences either because of changes in protein quantity or altered substrate kinetics. However, the MAT1A Lys238 variant allozyme did not differ significantly from the WT protein in terms of either (see the MAT1A allozyme apparent K m values, enzyme activities, and relative protein quantities listed in Table 3 ). In addition, structural analysis of the human MAT1A allozymes showed that the WT Glu238 residue was surface-exposed with a side chain exposed to solvent. Substitution of Glu238 with the hydrophilic lysine residue present in the variant enzyme could be easily accommodated by WT protein folding. Finally, E238K is distant from both the dimer and tetramer interfaces and, therefore, would be unlikely to interfere with the formation of either oligomeric form of the protein. These structural predictions all supported our observations of a lack of functional implications for this variant allozymes (see structural analysis in the supplemental data).
Hepatic Genotype-Phenotype Correlation Analysis. To determine whether DNA sequence variation in the MAT1A and GNMT genes might play a role in variation in the expression of these proteins in the human hepatic tissue where both enzymes are predominantly expressed, we assayed levels of MAT1A and GNMT protein expression in 268 adult human liver biopsy samples by performing quantitative Western blot analyses. Both enzymes showed large individual variation, with a 100-and 1000-fold variation in MAT1A and GNMT protein expression, respectively (Fig. 3) . The data in Fig. 3 show a Gaussian frequency distribution for levels of MAT1A protein (Fig.  3A) but a skewed distribution of GNMT protein levels, with many samples that displayed low levels and two "outlier" points with very high levels of protein (Fig. 3B ). The figure also shows representative Western blots for both enzymes (Fig. 3C) .
As the next step in our analysis, we genotyped 42 tag SNPs for MAT1A and 5 tag SNPs for GNMT using DNA samples from the same 268 subjects from whom the liver biopsy samples used to perform the Western blot analyses had been obtained. Overall call rate of these 42 SNPs was more than 98.0%, but call rates were Ͻ 94% for 4 SNPs, so those SNPs were excluded from the subsequent analysis. In addition, using the genotyped SNPs as a scaffold, we performed imputation using 1000 Genomes Project data across both genes out to 200 kb from both the 5Ј and 3Ј ends of the genes (1000 Genomes Project Consortium, 2010). Imputation identified an additional 150 MAT1A and 61 additional GNMT SNPs with MaCH "Rsq" values (an estimate of the squared correlation between imputed and true genotypes) of more than 0.3. Only SNPs for EA subjects were imputed because the liver biopsy samples had been obtained entirely from EA subjects.
Hepatic GNMT protein levels were significantly correlated with age (r ϭ Ϫ0.17, p ϭ 0.006), but that was not the case for MAT1A (r ϭ 0.06, p ϭ 0.30). Therefore, the GNMT protein levels used in the association analysis were adjusted for age. Two of the genotyped GNMT tag SNPs, rs9471976 and rs11752813, were significantly associated with GNMT protein levels, with p values of 6.4 ϫ 10 Ϫ12 and 2.88 ϫ 10 Ϫ7 , ( p ϭ 3.9 ϫ 10 Ϫ10 and p ϭ 2.5 ϫ 10 Ϫ7 after correction for multiple comparisons), respectively (Fig. 4A) . The correlation of GNMT protein expression with genotype for these two SNPs is shown graphically in Fig. 4C . Similar analyses performed with imputed GNMT SNPs identified Exons and untranslated regions (UTRs) are numbered relative to the A (nucleotide 1) in the ATG translation initiation codon in exon 1. Negative numbers were assigned to positions 5Ј to that location, and positive numbers were assigned to positions 3Ј. Nucleotides located within introns are numbered on the basis of their distance from the nearest splice junction, with distances from 3Ј splice junctions assigned positive numbers and distances from 5Ј splice junctions assigned negative numbers. Exon sequences are bold. Polymorphisms identified previously are noted by reference SNP (rs) number.
Polymorphism Location
Nucleotide 38 additional markers within 200 kb on either side of the gene that were significantly associated with GNMT protein levels ( p Ͻ 10 Ϫ4 ), with rs9471974 being the most significant imputed SNP ( p ϭ 3.6 ϫ 10 Ϫ10 ). No MAT1A SNPs were significantly associated with MAT1A protein levels (minimum p ϭ 0.03, p ϭ 1.5 after correction for multiple comparisons; Fig. 4B) . A list of all SNPs with p values Ͻ10 Ϫ4 for association with GNMT protein levels is summarized in Supplemental Table 3 .
GNMT Reporter Gene Studies. GNMT resequencing had not identified any polymorphisms that altered the encoded amino acid sequence. Therefore, our functional genomic experiments for GNMT focused on SNPs that were significantly associated with hepatic GNMT protein levels. Specifically, reporter gene constructs were created for the two genotyped SNPs with the lowest p values for association with GNMT protein levels (rs9471976 and rs11752813). The locations of these SNPs relative to the site of GNMT transcription initiation are shown in Fig. 5A . As a first step, we next surveyed a series of cell lines in an attempt to determine whether they might express GNMT. In particular, we performed qRT-PCR with mRNA preparations from HepG2, HEK293T, SU86, PC-3, DU-145, and LNCaP cell lines as well as pooled human liver sample preparations. As shown in Fig. 5B , compared with the HepG2 cell preparations, only LNCaP showed a relatively high level of GNMT mRNA expression. Please note that the y-axis is a logarithmic scale. Therefore, we used LNCaP and HepG2 cells in our reporter gene studies because LNCap is highly expressed GNMT and because of HepG2 cells' origin from hepatic tissuethe major organ known to highly express GNMT. Results from dual-luciferase assays performed with HepG2 cells showed that DNA sequences around both rs9471976 and rs11752813 could enhance pGL3-promoter activity by up to 6-fold (Fig. 5C ). There were statistically significant differences in terms of their ability to drive transcription between WT and variant allele sequences for both SNPs in HepG2 and LNCap cells (Fig. 5, C and D) . In both cases, the effect of variant SNP genotypes was consistent with the liver genotype-phenotype association results, i.e., the G allele in rs11752813 and the A allele in rs9471976 were both associated with lower levels of hepatic GNMT protein. However, because 
Human GNMT genetic polymorphisms
Exons and untranslated regions (UTRs) are numbered relative to the A (nucleotide 1) in the ATG translation initiation codon located in exon 1. Negative numbers were assigned to positions 5Ј to that location, and positive numbers were assigned to positions 3Ј. Nucleotides located within introns (intervening sequences) are numbered on the basis of their distance from the nearest splice junction, with distances from 3Ј splice junctions assigned positive numbers, and distances from 5Ј splice junctions assigned negative numbers. Exon sequences are bold. Polymorphisms identified previously are noted by rs number. dmd.aspetjournals.org these two SNPs, rs9471976 and rs11752813, had been chosen for genotyping by using a SNP tagging strategy, they may not represent the functional SNPs but rather may be in LD with other variants that have functional significance. Coordinate Regulation of the Hepatic Folate-Methionine Cycles. Finally, in an attempt to begin to understand the overall regulation of the methionine and folate cycles in human liver, we performed association analyses among levels of hepatic protein for other enzymes in these pathways that had also been assayed in the same 268 liver samples used to perform the present study. Specifically, we correlated BHMT and serine hydroxymethyltransferase 1 (SHMT1) protein levels as well as the level of enzyme activity for another important methyltransferase enzyme, catechol O-methyltransferase (COMT) (Feng et al., 2009; Zhang et al., 2009; Nordgren et al., 2011) with levels of MAT1A and GNMT protein expression (Table 4) . Like MAT1A and GNMT, BHMT is predominantly expressed in hepatic tissue (Li et al., 2008) . Because there was a significant correlation between age and COMT activity ( p ϭ 0.02), and because GNMT protein level was also correlated with age ( p ϭ 0.006) in these samples, data for the genotype-phenotype association analyses described earlier and for the hepatic methionine and folate cycle correlation analysis described here were adjusted for the age of the subject from whom the liver biopsy has been obtained for GNMT protein and COMT activity levels. In the 268 liver cytosol preparations studied, there was a significant correlation between GNMT and BHMT protein levels (r ϭ 0.34, p ϭ 1.60 ϫ 10 Ϫ7 after correction for multiple comparisons) and between GNMT and MAT1A protein levels (r ϭ 6 ). Level of activity for another AdoMet-dependent methyltransferase, COMT, was also associated with expression level of protein for these same two enzymes, but less significantly ( p ϭ 0.03 and 0.04, respectively). These results raise the possibility of coordinate regulation of methionine cycle enzyme protein levels in human hepatic tissue. Our association analysis of GNMT SNPs with levels of hepatic protein expression also showed that the rs9471976 and rs11752813 GNMT SNPs were significantly associated with SHMT1 protein level ( p ϭ 0.007 and 0.02, respectively). FIG. 4 . Genotype-phenotype correlations for human hepatic MAT1A and GNMT. Negative log-transformed p values for single SNP associations with human liver (A) GNMT protein levels and (B) MAT1A protein levels using both genotyped SNPs and SNPs imputed by using 1000 Genomes Project data. Figure 4 , A and B, shows SNPs within 20 kb of the 3Ј and 5Ј ends of the genes and includes only imputed SNPs with imputation quality score Rsq values Ͼ0.3. Black circles represent genotyped tag SNPs, and red triangles represent imputed SNPs. ‫,ء‬ the threshold for significance after Bonferroni correction for GNMT. The structures of both genes are also shown schematically. C, the relationship between SNP genotypes for the GNMT rs9471976 and rs11752813 SNPs and hepatic GNMT protein is shown. Spearman's rank correlation coefficients (r) and p values are also shown. 
Discussion
AdoMet is the major methyl donor for biological methylation reactions, including those involved in DNA and histone methylation as well as the methyl conjugation of hormones, neurotransmitters, and drugs (Mato et al., 1997) . In the adult human liver, AdoMet is synthesized from methionine and ATP by a reaction catalyzed by MAT1A (Kluijtmans et al., 2003) , and a major process in its hepatic utilization is the GNMT-catalyzed formation of sarcosine and AdoHcy (Kluijtmans et al., 2003) . These reactions represent critical steps in the hepatic methionine cycle (see Fig. 1 ). Because of the importance of methylation for a variety of cellular functions, intercellular AdoMet concentrations and the AdoMet/AdoHcy ratio have been reported to contribute to variation in biological processes ranging from the epigenetic regulation of gene expression to biogenic amine neurotransmitter biosynthesis and metabolism (Reynolds et al., 1984; Carney et al., 1987; Ulrey et al., 2005) . In addition, AdoMet concentrations are a major factor determining levels of "downstream" metabolites in the methionine cycle such as AdoHcy, homocysteine, and GSH. For example, elevated plasma homocysteine levels have been associated with increased risk for cardiovascular disease, and individual variation in homocysteine concentrations is thought to be influenced by genetic factors. However, to date, the C667T variant (rs1801133) in the methylene tetrahydrofolate reductase gene is one of only a small number of common genetic polymorphisms that are known to be associated with variation in circulating homocysteine concentrations (Frosst et al., 1995) . In an attempt to begin to dissect the possible role of genetic variation in genes encoding enzymes in the methionine cycle on a variety of cellular processes, in the present study we set out to determine common genetic variation in genes encoding the hepatic AdoMet synthesizing and degrading enzymes, MAT1A and GNMT. To do that, we took a systematic approach that began with gene resequencing, followed by imputation using 1000 Genomes Project data, functional genomic experiments, and genotype-phenotype correlation analyses performed with human hepatic biopsy samples. The gene resequencing studies identified common DNA sequence variation across all nine MAT1A exons, exon-intron splice junctions, and across the entire GNMT gene, as well as ϳ1 kb of 5Ј and 3Ј FRs for both genes ( Fig. 2 ; Supplemental Tables 1 and 2) . Resequencing of 288 DNA samples identified one nsSNP in MAT1A, but this variant did not appear to have functional consequences (Table  3) . Using 1000 Genomes Project data that were released soon after we completed our gene resequencing studies, we were able to extend our ability to scan these genes for functional markers out to 200 kb on either side of both genes.
Genotype-phenotype association analyses were then performed using 268 adult human surgical hepatic biopsy samples because the liver is the organ in which both MAT1A and GNMT are predominantly expressed. We observed two GNMT genotyped SNPs, rs9471976 and rs11752813, with p values for association with level of hepatic GNMT protein expression of 6.4 ϫ 10 Ϫ12 and 2.9 ϫ 10 Ϫ7 , respectively, and 38 imputed SNPs within Ϯ200 kb surrounding GNMT that were significantly associated with hepatic GNMT protein levels ( p Ͻ 10 Ϫ4 ). Many of these SNPs were in LD and were located in a region within 10 kb 5Ј to GNMT, suggesting a possible role for this region in the regulation of GNMT transcription. Results of reporter gene studies performed with both HepG2 and LNCaP cells suggested that sequences around the rs9471976 and rs11752813 SNPs could increase transcription up to 6-fold, and there were significant differences in reporter gene activity between the WT and variant alleles (Fig. 5) . In contrast, none of the 42 genotyped or 150 imputed MAT1A SNPs were highly associated with hepatic MAT1A protein levels ( p Ͼ 0.03) (see Fig. 4B ). These observations indicate that genetic regulation of GNMT expression in the human liver might be influenced by SNPs in a region at the 5Ј end of the GNMT gene. Whether these polymorphisms influence concentrations of hepatic AdoMet or other methionine cycle metabolites, e.g., homocysteine, will have to be determined in the course of future experiments.
Finally, we examined the possibility of the coordinate regulation of hepatic methionine and folate cycle protein expression by determining correlations among protein expression or the activities of enzymes in this pathway in the 268 liver biopsy samples that we had used to perform the Western blot analyses (Table 4) . Among the six proteins included in that analysis, GNMT, MAT1A, and BHMT are expressed predominantly in adult human liver, whereas COMT and SHMT1 are ubiquitously expressed. In a previous analysis of methionine and folate cycle mRNA expression in the Human Variation Panel lymphoblastoid cell lines that were used as a source of DNA for our gene resequencing studies (Hebbring et al., 2012) , we observed strong correlations among mRNA expression levels for SHMT1, SHMT2, COMT, MAT2A, and MAT2B (Hebbring et al., 2012) . Unfortunately, MAT1A, GNMT, and BHMT are not expressed in lymphoblastoid FIG. 6 . Correlations between levels of MAT1A and BHMT protein in adult human liver biopsy samples plotted against log GNMT protein levels in the same samples adjusted for age. A, GNMT versus MAT1A. B, GNMT versus BHMT. Spearman's correlation coefficients, r, as well as p values for associations after correction for multiple comparisons are shown. In both panels, the level of log GNMT protein has been corrected for patient age. cells. The results of these two complementary association analyses for hepatic tissue and lymphoblastoid cells both raise the possibility of the "coordinate regulation" of the expression of genes encoding methionine and folate cycle enzymes. In summary, the results of the present study, when joined with those of previous reports, indicate the existence of the coordinate regulation of methionine cycle enzymes, with possible functional consequences for methylation in the human liver.
